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Tnermal  inactivation  rates  were  determined  for  two  strains  of  Bacillus  suhtilis  var. 
niger  spores  after  equilibration  to  various  relative  humidity  (RH)  levels.  In  these 
tests,  small  thin  stainless-steel  squares  were  each  inoculated  with  a  drop  of  spore 
suspension  and  equilibrated  to  11.  33,  or  85',  RH.  Following  equilibration,  the 
squares  were  p'aced  on  a  hot  plate  preheated  to  108.  125.  136.  164,  or  192  C  for  var¬ 
ious  exposure  t  mes  and  then  assayed  for  surviving  organisms.  The  results  revealed 
that  spores  of  the  A  strain  of  B.  suhtilis  were  least  resistant  if  preequilibrated  to 
11 ' ;  RH  and  most  resistant  if  preequilibrated  to  85'  (  RH.  The  same  trend  was  oh 
tained  at  all  temperatures  except  192  C.  at  which,  no  difference  was  noted,  probably 
because  the  rapid  kill  time  approaches  the  heat-up  time  of  the  stainless  steel  square. 

The  B  strain  of  B.  suhtilis  spores  showed  an  opposite  RH  effect;  that  is,  the  cells 
preequilibrated  to  11',  RH  were  the  most  resistant.  Because  the  two  strains  of 
spores  were  grown  on  different  media,  further  st  -dies  were  conducted  at  136  C 
after  subculiuring  the  cells  on  different  media.  When  the  B  strain  was  subcultured 
on  the  A  strain  medium,  the  pattern  was  reversed;  the  cells  preequilibrated  to  low 
RH  were  then  least  resistant.  Although  it  wns  not  possible  to  reverse  these  cells  to 
the  original  pattern  by  subculturing  on  the  original  B  strain  medium  again,  the 
pattern  was  altered  to  the  point  that  there  was  no  significant  difference  in  heat  resist¬ 
ance  of  these  cells  regardless  of  the  preequilibration  RH.  The  same  result  was  ob 
tained  when  the  A  strain  was  grown  on  the  B  strain  medium;  that  is.  the  thermal 
resistance  could  not  be  reversed,  but  it  was  altered  from  the  point  where  the  low'  RH 
equilibrated  cells  were  least  resistant  initially  tc  the  point  where  there  was  no  sig 
nificant  difference  in  any  of  the  cells  regardless  of  what  RH  was  used  for  pre 
equilibration.  The  thermal  resistance  of  spores  seemed  to  be  dependent  on  (i)  the 
medium  on  which  the  spores  are  grown,  (ii)  the  RH  on  which  they  are  exposed  before 
heating  and  (iii)  some  genetic  characteristic  of  the  cell. 


Interest  in  sterilization  by  low  temperature  dry 
heat  has  increased  within  the  past  7  or  8  years 
because  of  its  consideration  fir  sterilizing  inter¬ 
planetary  spacecraft.  Until  recently,  the  effect 
that  cell  moisture  plays  ori  the  thermal  inactiva¬ 
tion  rate  has  been  given  little  attention,  The  most 
notable  studies  were  conducted  by  Murrell  and 
Scott  (2.  3).  who  investigated  the  effect  of  cell 
moisture  content  on  the  rate  of  microbial  death 
at  dry-heat  temperatures  from  70  to  120  C.  In 
the  first  of  these  studies,  the  microorganisms  were 
dried  at  various  relative  humidity  levels  (RH). 
then  heat  treated  in  closed  vials  at  ambient,  but 
obviously  low,  R  H .  All  the  bacterial  spore  species 
tested  showed  that  preequilibration  to  ;m  RH  of 
80  to  90 r,  produced  spores  most  resistant  to  dry 
heat,  but  spores  preequilibrated  to  greater  or 
lesser  RH  values  were  less  resistant.  In  the  second 
study,  the  spores  were  preequilibrated  and  heated 


at  the  same  RH  in  closed  vials.  These  results 
showed  that  spores  equilibrated  and  tested  at  20 
to  40' ,  RH  were  the  most  resistant  to  heat  inac 
tivation,  but  spores  at  RH  levels  above  or  below 
this  amount  had  lower  heat  resistance. 

The  present  investigation  was  undertaken  to 
determine  the  effect  of  cell  moisture  content  on  the 
thermal  inactivation  of  spores  exposed  to  tent 
peratures  generally  higher  than  those  used  by 
Murrell  and  Scott,  i.e.,  108  to  192  C. 

Materials  and  Methods 

Bacillus  suhtilis  var.  i inter  has  been  used  for  over  20 
years  us  a  test  organism  at  Fort  Etetrick.  During  this 
time,  cultures  of  the  organism  were  given  to  many 
other  laboratories  for  test  purposes.  It  has  been  an 
especially  valuable  agent  in  disinfection  and  steriliza¬ 
tion  studies,  and  many  publications  based  on  its  use 
us  a  test  organism  have  appeared.  It  has  been  inv 
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plied  that  the  numerous  cultures  are  essentially  the 
same;  however,  no  comparative  tests  have  been  made 
to  determine  whether  there  are  now  differences  in 
h«A  resistance  or  other  properties  in  strains  long 
separated. 

Thus,  two  strains  of  B.  sttbtilis  var.  mger  spores 
were  used  in  this  study.  Both  originated  from  single 
colony  isolates  from  Fort  Detrick  strains.  However, 
the  one  used  in  this  laboratory  (strain  A)  was  grown 
on  Trypt  lease  Soy  Agar  tTSA,  BBL)  for  7  days, 
harvested,  washed,  and  suspended  in  sterile  distilled 
water;  the  other  (strain  B)  was  grown  in  a  laboratory 
at  the  National  Center  for  Urban  and  Industrial 
Health,  Cincinnati,  Ohio  on  spore  medium  contain¬ 
ing  glucose.  0.25  ‘ ,  ;  Casaniino  Acids.  0.25  1 ,  ; 
yeast  extract,  0.25  ' , ;  MnSO,  HX>,  0.001  ' ,  ;  FeSO, 
7H;G,  0.0014  ' ,  ;  and  agar,  1.5  ' , .  These  ceiis  were 
grown,  harvested,  and  washed  in  a  manner  similar  to 
that  used  for  strain  A.  All  spore  suspensions  were  heat- 
shocked  at  60  C  for  30  min  before  use  in  order  to  kill 
the  less  resistant  vegetative  cells  that  might  be  present. 

Thermal  exposure  was  conducted  on  a  fabricated 
hot  plate  i  Fig.  li  made  of  a  4  by  5  by  '4  inch  (10.3 
by  12.7  by  0.62  enn  aluminum  plate  set  on  well- 
distributed  heating  elements  and  fixed  in  an  asbestos 
base.  The  hot  plate  was  suspended  by  nonheat- 
conductive  material  in  a  Transire  box  A  Transite 
hood  was  placed  on  top  of  the  hot  plate  to  assure 
morn  even  heat  distribution  and  to  reduce  heat  radia- 
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tion.  Stainless-steel  squares,  0.5  X  0.5  X  0.01  inch 
(1.3  by  1.3  by  .03  cm),  were  used  as  the  test  surface. 
The  technique  of  placing  the  contaminated  steel 
squares  on  the  hea‘>  d  aluminum  plate  was  chosen 
because  it  provided  a  means  of  bringing  the  organisms 
up  to  the  test  temperature  in  minimal  time. 

Each  stainless-steel  square  was  contaminated  with  a 
single  equal  drop  of  aqueous  suspension  containing 
approximately  10*  B.  subtilis  spores  per  ml.  The  inocu¬ 
lated  squares  were  placed  in  desiccator  jars  containing 
saturated  solutions  of  lithium  chloride,  magnesium 
chloride,  or  potassium  chloride  above  which  11,  33, 
and  85',  RH,  respectively,  is  maintained  at  25  C. 
The  organisms  were  equilibrated  for  48  to  72  hr. 

After  equilibration,  42  of  the  contaminated  stain¬ 
less  steel  squares  were  placed  on  the  preheated  hot 
plate;  of  these,  14  each  were  equilibrated  to  II,  33, 
and  85',  REE  No  attempt  was  made  to  control  the 
humidity  surrounding  the  hot  plate,  but  it  was  ob¬ 
viously  low;  e  g.,  even  100' ,  RH  air  at  25  C  will  lie 
reduced  to  3' ,  RH  when  heated  to  108  C.  After 
various  exposure  times,  test  squares  were  removed 
an-1  mediately  placed  111  sterile  water  blanks  con¬ 
taining  0.01' ,  non  ionic  detergent  and  0,3  to  0.4  g  of 
coarse  white  sand.  The  detergent  and  sand  facilitated 
removal  of  spores  from  the  stainless  steel.  To  enu¬ 
merate  the  surviving  spores,  pour  plates  were  prepared 
with  tryptose  agar,  and  the  colonies  were  counted 
after  incubation  at  37  C  for  48  hr 

Temperatures  used  in  this  study  were  108,  125, 
136,  164,  and  192  C.  They  were  determined  by  the 
melting  points  of  Tempilstik  iTempil  Corp.,  New 
York,  N  Y.)  markings  on  stainless  steel  shims.  A 
number  of  shims  were  marked  with  two  Tempilstiks, 
one  that  melts  at  1  degree  below  the  desired  tempera¬ 
ture  and  one  that  melts  I  to  2  degrees  above  that 
temperature,  so  that  one  Tempilstik  sample  was 
melted  and  the  other  was  not  in  all  tests  To  ensure 
that  the  temperature  did  not  rise  above  that  desired, 
it  was  also  monitored  by  thermocouples.  Eor  that 
reason,  the  temperatures  noted  are  plus  or  minus 
about  I  C\  The  Tempilstik  marked  shims  were  placed 
at  the  corner  and  central  locations  on  the  ,.ot  plate 
to  assure  that  an  even  heat  distribution  was  obtained. 
The  air  temperature  a  few  millimeters  above  the  hot 
plate  was  only  several  degrees  below  ihe  hot  plate 
tcni|Krature,  however,  the  temperature  fell  rapidly 
above  this  height. 

After  the  initial  tests  at  all  five  temperatures, 
further  tests  were  conducted  at  136  C  to  see  whether 
the  cause  of  the  marked  difference  in  results  with  the 
two  strains  could  lx-  determined,  first,  both  strains  of 
B.  subtilis  var.  niwr  spores  were  subculturcd  on  ESA 
and  then  harvested  and  cleaned  as  before;  both 
strains  were  equilibrated  to  the  same  three  RH  levels 
used  above,  and  the  death  rates  were  me  ired  at 
136  C  Second,  both  strains  were  grown  on  spore 
media  and  tested  as  hcloic.  Finally,  a  third  test  was 
run  on  both  strains  of  spores  that  had  been  grown  on 
the  spore  media  in  the  second  test  and  then  gi  >  n  on 
TSA;  these  cells  were  harvested  and  tested  as  oefore. 

Ihe  data  lor  all  tests  represent  the  average  of 
four  samples  obtained  from  two  samples  in  each  of 
two  tests 
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Ri  suits  and  Discussion 

I  he  death  rates  plotted  on  a  semilogarithmic 
stale  all  showed  straight  line  functions  from 
which  D  values  or  decimal  reduction  times  could 
he  readily  calculated.  Bar  graphs  sH  wing  the  l) 
values  for  each  strain  of  organism  tested,  at  the 
three  RH  levels  and  live  temperatures,  are  pre¬ 
sented  in  Fig  2  and  ?.  T  he  D  values  tire  expressed 
in  seconds,  but  a  different  time  scale  was  neces¬ 
sary  for  each  temperature  because  of  the  great 
variation  from  one  temperature  to  the  next. 
Figure  2  shows  that  strain  A  spores  equilibrated 
to  il  and  85' ,  RH  were,  respectively,  the  least 
and  the  most  resistant  to  thermal  inactivation. 
This  was  true  for  all  temperatures  except  142  C, 
where  no  difference  was  noted,  probably  because 
me  rapid  death  time  this  ap¬ 

proaches  the  time  required  to  heat  up  the  s'ainless- 
stee!  square  surfaces,  therefore,  the  usefulness  of 
the  test  procedure  is  limited  to  temperature  some 
what  below  142  C.  Figure  3  shows  the  D  values  for 
strain  B  of  B  sttbtilis  var.  niger  spores  equlibrated 
to  the  same  three  RH  levels  and  five  temperatures 
In  this  case,  the  effect  of  RH  on  the  organism  was 
the  reverse  of  the  observed  with  strain  A  I  he 
cells  equilibrated  to  the  low  RH  were  more 
resistant  than  those  equilibrated  to  the  high  RH  at 


Fit;.  2  I)  values  for  II  subtilis  spores  i  strum  1 
e.\f>ou'J  to  various  temperatures  alter  equilibrate)  i 
to  ih fieri  ut  RH  levels. 
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f  k,.  3.  I)  values  lor  II  sublilis  spores  strain  Ih 
ivposeU  to  various  temperatures  alter  equilibration  to 
ililferent  RH  levels. 

each  u  nperature.  Again,  at  142  C.  the  death  time 
was  'try  short,  and  the  difference  in  resistance 
among  the  three  RH  levels  is  not  significant. 

Because  the  variation  in  results  with  the  two 
strains  may  have  resulted  from  the  fact  that  they 
were  grown  on  different  media,  the  two  strains 
were  subcultured.  Fust  on  ISA,  then  on  the  strain 
B  spore  media,  and  then  on  1 SA  again:  they  were 
tested  after  growth  on  each  medium  Figure  4 
shows  the  D  values  for  strain  A  grown  on  the 
different  media  and  tested  only  at  I36C.  Regard 
less  of  which  medium  the  cells  were  subcultured 
on,  those  equilibrated  at  the  low  RH  were  always 
more  susceptible  to  heat  aerili/ation  than  were 
those  equilibrated  ’  the  high  RH  Statistical 
analysis  showed  that  the  /)  values  at  1 1  and  85’ , 
RH  were  not  significantly  different  for  strain  A 
spores  when  grown  on  spore  medium,  however, 
the  I)  values  for  the  II  and  85'.  RH  were  Mg 
niticantly  different  whenever  the  .ells  weie  grown 
on  ISA  medium 

Figure  5  shows  the  />  values  for  the  B  strain 
spores  giown  on  the  different  media  Of  great 
interest  here  is  the  reversal  of  the  resistance  at  the 
various  RH  levels  I  hat  is,  B  strain  spores  origin 
ally  grown  on  spore  media  were  more  resistant 
when  equilibrated  to  the  low  RH  than  whenequili 
bra  ted  at  high  RFL  but  the  reverse  was  true  when 
this  strain  wav  grown  on  FSA  Analysis  showed 
that  the  l)  values  for  the  low  and  high  RH  tests 
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0  Original  Strain  A 
1=  0  subcultur#d  on  TSA 

2=  1  subculture^  on  spore  media 
3=  0  subcuhured  on  T5A,  then  spar* 
media.  t ht n  ISA 
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D  Values  For  JB  wbtilii  Spores  (  Strain  A  ) 
Grown  On  Media  Noted  Below  And  3 

Exposed  136  C  Aft*  Equilibration  To 
Various  RH  s 


Spore  Preparation 


III.  4.  /)  uilnes  tor  It  suhltli v  \/><  >rcs  i  strain  .1) 
i’ioiiii  on  on  ilia  noted  tint/  ev/xnei/  in  Ilfs  C  oiler 
equilibration  10  various  RH  levels 


were  sigmlLuniK  ditierent  in  hoih  cases  Growing 
the  cells  on  spore  media  after  growth  on  I  SA  did 
no'  give  a  pattern  similar  to  that  of  the  original 
H  stiam  however,  low  and  high  RH  I)  values 
wcie  not  significant!'  dilferent  Growth  on  ISA 
did  produce  spores  that  had  signiticanllv  dilferent 
I)  values  for  the  low  and  high  RH  piecqutlibia 
lions 

Roth  II  snbiilis  .mis  used  in  this  stud.v 
were  mil  tails  isolated  from  single  bacterial  coin 
nies  Whv  the  I)  value  pattern  of  the  B  strain  wav 
reversed  when  giown  on  ISA  but  failed  to  revert 
to  the  onginal  pattern  when  giown  on  the  sprue 
agar  is  not  deal  It  appeals  that  we  aie  dealing 
with  a  genetic  chaiuctei istic  because  the  colonial 
color  and  fm  illation  rlirl  appear  to  change  some 
what  with  successive  iiansleis  on  the  v.uunis 
merlia  I  his  phenomenon  occtiried  although  the 
seed  was  r'btamed  In  lemovmg  a  loop  full  of 
sprites  liom  10  to  15  tvpical  ct'lonies  tin  an  agai 
sut face  each  time  the  sprues  weie  gimvii  C  lose 
inspection  of  the  rlata  obtained  with  the  A  strain 
of  H  snbiilis  spores  and  the  rlata  obtained  bv 
Vlut tell  ami  Sunt  2'  in  then  studies  wah 
(  h 'Mn,  ,ii»i  bmiiliniini  sprues  shows  a  simiiai 
u end  of  nit  i eased  t hernial  resistance  aftoi  erpul 
ibration  to  highei  RH  values  Both  of  these  stud¬ 
ies  weie  |xt formed  without  controlling  the  RH 
during  the  healing  puvess. 
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0  subcultured  on  TSA 
2=  1  subcukured  on  sport  media 
3=  0  subcultured  on  TSA, 

■  I  spore  media,  then  TSA 
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Values  For  B  subtilis  Spores^ 
(Strain  B)  Grown  On  Media  v 
Noted  Below  And  Exposed 
To  136  C  Afier  Equilibration^ 
To  Various  RH  s 


Spore  Preparation 

Bit..  5.  I  aloes  lor  II.  snbiilis  spores  <  strain  II) 
grown  on  medio  noted  and  exposed  to  Lift  C  oiler 
equilibration  to  various  RH  levels. 


Three  impoitanl  facts  stand  out  from  this  study. 
One  is  that  broad  generalities  should  not  be  made 
about  tne  heat  resistance  of  spores  as  it  re  ult  of 
their  prclmimarv  exposure  to  any  specitic  RH 
Second,  the  medium  on  which  the  organisms  are 
grown  appears  to  have  some  bearing  on  the  sub 
sequent  drv  heal  resistance  of  the  cells  third, 
the  RH  to  which  the  cells  are  exposed  hefoic  heat 
steriii/ation  pla;  s  an  important  role  in  their  sub 
sequent  rate  of  kili 

I  he  equilibration  of  the  cell  to  vanous  RH 
levels  docs  more  than  just  vaiv  the  moisiuie  con 
lent  of  the  cell,  it  causes  a  mote  '  perman-  >t" 
change  in  thermal  resistance  Water  lieciv  in-  <-s 
in  and  out  of  the  sell  <  I  >,  vet  the  I)  value  pallet  n 
at  the  v.uious  RH  levels  is  the  same  toi  etthei 
strain  of  II  sn/udis  spores,  whethci  tested  at  I  OS 
or  104  C  Big  2  and  4  ' 

If  the  amount  of  cell  moistuic  is  the  piunarv 
iactoi  in  legtilatmg  (lie  heal  inactivation  late,  one 
would  expect  to  liud  no  dillGcncc  in  I)  values  for 
the  cells  equilibiated  ;it  II.  TV  and  S5  .  RH  at 
the  lower  lempoiaiurc  eg.  lOSC'i  At  this  tern 
petauiie,  ihe  I)  values  are  so  high  that  most  of 
the  watei  molecules  have  ample  time  to  evaporate 
fioni  the  cell  icrtainlv  long  before  steriii/ation  is 
accomplished  A  et  no  deviation  from  Ime.intv 
was  observed  in  the  log  jxt  cent  survival  verms 
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time  plots  from  beginning  to  end.  This  indicates 
that  the  important  factor  regulating  the  I)  values 
in  the  system  used  here  is  not  the  amount  of 
moisture  but  where  and  how  it  is  bound  in  the  ce  l. 

Spores  heated  in  a  dry  atmosphere  rapidly  lose 
most  of  their  moisture;  therefore,  the  rate  of  thetr 
inactivation  by  heat  appears  to  be  controlled  by 
a  relatively  few  water  molecules  left  in  the  cell.  If 
one  plots  the  D  value  as  a  function  of  the  RH  for 
the  three  humidities  used,  the  curves  in  general 
are  not  linear.  The  curves  of  Murrell  and  Scott 
(2),  likewise,  are  not  linear  when  plotted  as  a 
straight  function  of  D  value  versus  RH.  This 
phenomenon  indicates  that  the  rate  of  heat 
inactivation  of  the  cell  is  not  a  simple  function  of 
the  RH 

At  this  time,  there  is  no  clear  explanation  of  the 
mechanism  by  which  the  cell  is  inactivated  by  dry 
heat.  It  is  evident  h~»»  inactivation  is  a  com¬ 
plicated  mechanism  that  hinges  on  the  medium  on 
which  the  cell  was  ini* hilly  grown,  the  presence  or 


absence  of  water  molecules  in  certain  internal 
cell  locations,  and,  probably,  some  genetic  charac¬ 
teristic  of  the  cell. 

ACKNOVVLl.UOM,  NTS 

We  express  our  appreciation  to  F.  M.  Wadley  for 
the  statistical  analysis  of  the  data  and  to  Dorothy 
M.  Fortner  lor  supplying  all  of  the  hatches  of  If. 
suhtilis  spores,  except  the  original  batch  of  strain  B 
that  was  so  kindly  supplied  by  Robert  Angelotti. 

Li ii  rati  iu  Cum 

1.  Holfman.  R.  k.  1968.  FIFect  of  bacterial  cell 

moisture  on  the  sporicidul  activity  of  d  propio- 
lactone  vapor.  Appl.  Microbiol.  16:6)1  644. 

2.  Murrell,  W.  G..  and  W.  J.  Scott.  1957  Heat 

resistance  of  bacterial  spores  at  various  water 
activities.  Nature  179:481  482. 

3.  Murrell.  W'.  Ci..  and  W.  J.  Scott.  1966.  The  heat 

resistance  of  bacterial  spores  at  various  water 
activities.  J.  Gen  Microbiol.  43:411 


